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Kaposi’s sarcoma-associated herpesvirus encodes a protein, kaposin B, which is composed of multiple copies
of 23-amino-acid direct repeats, termed DR2 and DR1. Kaposin B enhances the release of pathogenetically
important proinflammatory cytokines by activating the p38 mitogen-activated protein kinase (MAPK)–MK2
kinase pathway and blocking cytokine mRNA decay. Here, we show that this mRNA stabilization function
requires both the DR2 and DR1 elements of kaposin B; a monomeric form of the protein consisting of one copy
of each repeat retains function. Furthermore, we show that p38 MAPK is capable of directly phosphorylating
kaposin B in vitro and map the site of phosphorylation to a specific serine residue in DR1. Mutational ablation
of this serine abolishes phosphorylation of the protein by p38 MAPK but does not affect kaposin B’s ability to
extend mRNA half-life.

Kaposi’s sarcoma (KS) is a complex angioproliferative lesion
that is the most common neoplasm of patients with untreated
AIDS, although it can also arise in human immunodeficiency
virus-negative hosts (9). Histologically, KS involves the prolif-
eration of spindle-shaped endothelial cells, accompanied by
local infiltration of inflammatory cells and striking neoangio-
genesis. The development of all forms of KS is critically de-
pendent upon infection by KS-associated herpesvirus (KSHV)
(also called human herpesvirus 8) (2, 3). KSHV infection tar-
gets the endothelial (“spindle”) cells of the lesion, most of
which are latently infected (1, 24). These latency genes are
thought to extend the life span of infected cells, alter their
morphology, and also contribute to the inflammatory character
of KS lesions by promoting cytokine release from infected
cells. The inflammatory process is also considered pathogeneti-
cally important (18), and considerable effort has been invested
in uncovering the links between viral infection and proinflam-
matory cytokine production.

Recent studies have shown that one link between infection
and cytokine release is the latent viral protein known as kapo-
sin B (16, 20). Kaposin B consists largely of two sets of reiter-
ated, proline-rich, 23-amino-acid direct repeats, known as DR2
and DR1 (20). The protein binds to a host cell protein kinase
known as mitogen-activated protein kinase (MAPK)-associ-
ated protein kinase 2, or MK2 (16). MK2 is an important
kinase in the proinflammatory p38 MAPK signaling pathway,
which is designed to sense inflammatory and other stress sig-
nals (e.g., hyperosmolarity and oxidative stress) (10, 12, 13, 21).
Activation of p38 MAPK results in its nuclear translocation,

where it can bind and phosphorylate MK2 (8, 19). This phos-
phorylation leads to the export of both proteins to the cytosol,
where MK2 can phosphorylate additional target proteins (7,
17, 27), including proteins that control the half-life of an im-
portant subpopulation of labile cytoplasmic mRNAs—those
bearing AU-rich elements (AREs) in their 3� untranslated
regions (14). In the ground state, ARE-containing mRNAs are
extremely unstable (4, 22, 23); when MK2 is activated, how-
ever, phosphorylation of its downstream cytosolic substrates
results in marked stabilization of these messages (25, 28). This
result is of interest because many cytokine and growth factor
transcripts harbor AREs and are regulated in this fashion.

In kaposin B-expressing cells, the protein can be readily
found bound to MK2, and MK2 activity is enhanced in this
complex (16). Kaposin B-mediated activation of MK2 blocks
the decay of several ARE-containing mRNAs, with a resulting
net increase in the production of proinflammatory cytokines,
such as interleukin-6 and granulocyte-macrophage colony-
stimulating factor (GM-CSF) (16). We have previously shown
that the binding to MK2 maps to the amino-terminal DR2
element of kaposin B (16). To determine whether the DR2
elements alone could mediate the downstream blockade in
ARE-mRNA decay, we employed a previously described assay
in which a �-globin reporter gene bearing a 3� ARE (from
GM-CSF) is placed under the control of a Tet operator in
HeLa Tet-Off cells (5, 6, 16). These cells stably express a
chimeric transcriptional activator whose activity is repressed by
doxycycline. Transient transfection of these cells in the absence
of the drug results in expression of the chimeric mRNA; the
addition of doxycycline turns off new transcription, allowing
assessment of the half-life of the transcript by Northern blot-
ting of RNA harvested at serial time points thereafter (16).
HeLa Tet-Off cells were transfected with either a control
(empty) vector, a vector expressing wild-type (WT) kaposin B,
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a DR2 multimer, or a DR1 multimer; at 30 h posttransfection,
doxycycline was added and RNA harvested at 0, 1, 2, and 4 h
thereafter. As shown in Fig. 1A, the �-globin–ARE–mRNA
was extremely unstable in the absence of kaposin B and was
dramatically stabilized by expression of WT kaposin B. As
expected, proteins composed of DR1 alone did not function in
this assay. The construct containing DR2 alone was also inac-
tive, indicating that the ability to bind MK2 in vitro is not
sufficient for functional activation of MK2 in vivo. This implies
that DR1 contributes an important function to kaposin B ei-
ther by the presentation of DR2 to MK2 in an optimal manner
or by the interaction of DR1 with other cellular components
required for activation. Interestingly, expression of the DR2
elements dominantly inhibits the function of WT kaposin B in
cotransfected cells (Fig. 1B) without affecting WT kaposin B
protein levels. Conversely, the DR1 elements have little effect
on WT kaposin B activity (Fig. 1B). Taken together, these
findings suggest that each set of repeats contributes impor-
tantly to the function of the wild-type molecule.

DR2 is reiterated three to five times in known strains of
KSHV and is followed by longer expanses of DR1 elements;
the structure of the kaposin B protein used in the present study

is depicted in Fig. 2A. To determine whether multimerization
of DR2 and DR1 is important for kaposin B function, we
constructed a monomeric form of kaposin B containing only a
single copy of DR2 and DR1. The miniprotein eliminates the
short unique sequences at the N and C termini of authentic
kaposin B and contains a single copy of DR2 linked by a short
bridge of alanines to a single copy of DR1 (Fig. 2A). In the
ARE-mRNA decay assay, the kaposin B miniprotein substan-
tially enhanced the stability of this mRNA, though its activity
was discernably less than that of the full-length isoform (Fig.
2B). The ability of the monomeric kaposin B to stabilize ARE-
mRNAs predicts that this isoform should also be able to bind
and activate MK2, the central regulator of ARE-mRNA decay
in the cell. To address this, we tested the ability of a glutathi-
one S-transferase (GST)–kaposin B miniprotein purified from
Escherichia coli to interact in vitro with purified recombinant
MK2, as judged by the ability of the complex to be precipitated
by glutathione-agarose beads. Figure 2C shows that efficient
MK2 binding occurs with GST-kaposin B, while none is ob-
served with GST alone. Parallel experiments with GST-DR1
and GST-DR2 proteins mapped the interaction domain to the
region encoded by DR2, consistent with previous findings (16).

FIG. 1. Analysis of the kaposin B direct repeats in ARE-mRNA decay. (A) Kaposin B (kap B) DR2 and DR1 do not block ARE-mRNA decay.
HeLa Tet-Off cells were cotransfected with a �-globin-based reporter (with the AU-rich element from GM-CSF inserted in its 3� untranslated
region) and test plasmids. After 30 h, doxycycline (dox.) was added to the media to stop transcription. RNA was harvested at 0, 1, 2, and 4 h after
doxycycline addition; �-globin and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNAs were detected using 32P-labeled antisense
riboprobes. (B) The DR2 elements block the function of WT kaposin B in ARE-mRNA decay. Cells were cotransfected with equal amounts of
the indicated test plasmids and �-globin–ARE reporter and treated with doxycycline as described above. �-globin–ARE–mRNA levels were
normalized to GAPDH-mRNA levels and expressed in terms of percent mRNA remaining.
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The kaposin B miniprotein retains the ability to bind to MK2
in vitro, although this binding is weaker than that observed for
full-length kaposin B. To document that MK2 kinase activity
was also enhanced by monomeric kaposin B, we transfected
HEK 293T cells with full-length kaposin B or the kaposin B
miniprotein for 48 h, immunoprecipitated MK2, and examined
MK2 kinase activity in the precipitate (as assayed by its ability
to phosphorylate a well-known substrate, Hsp27 [26]; method
described in reference 16). The positive control in these kinase
assays is hydrogen peroxide (H2O2), an oxidative stress and
activator of p38 MAPK and MK2 (11, 16). Figure 2D shows
that MK2 kinase activity was indeed augmented by expression
of the kaposin B monomer. We conclude that oligomerization
of the kaposin B direct repeats is not absolutely required for
activity, though it clearly greatly amplifies it. These experi-
ments also demonstrate that the unique amino- and carboxy-
terminal regions of kaposin B are dispensable for MK2 acti-
vation. However, there is no question that the multimeric form
of kaposin B is more active in MK2 activation; this may be
because docking of multiple MK2 proteins on the scaffold
increases the local concentration of MK2 chains around p38
MAPK that are also present in the complex (16). However,

other models are possible, for example, multimerization of the
repeats may change the tertiary structure of one or more re-
peats, making it more accessible to MK2 or more efficient in
provoking an activating conformational change in that kinase.
Further work will be necessary to distinguish among these
possibilities.

The close association of kaposin B and a host cell kinase
raises the possibility that kaposin B may be a target for phos-
phorylation. To investigate kaposin B phosphorylation, FLAG-
tagged kaposin B was immunoprecipitated from cells treated
with H2O2 and immunoblotted with antiphosphoserine anti-
bodies. Figure 3A reveals that H2O2 treatment induces a
serine-phosphorylated species that comigrates with FLAG-
tagged kaposin B. A review of the kaposin B sequence pre-
dicted a single major candidate site for phosphorylation by p38
(PSSP), indicated by shading in Fig. 2A (15). This site is lo-
cated in the DR1 elements of the protein, a result that was of
special interest given that (i) kaposin B is found in a complex
with p38 in cells (16) and (ii) the DR1 elements are essential
for kaposin B activity, though they appear to be dispensable for
MK2 binding (Fig. 2C). Accordingly, we wondered whether
phosphorylation of this site by p38 could be demonstrated and

FIG. 2. The kaposin B miniprotein activates MK2 and blocks ARE-mRNA decay. (A) Primary amino acid sequence of kaposin B from a
pulmonary KS isolate and the monomeric kaposin B miniprotein. Sequences are expressed in one-letter codes and aligned to highlight the
23-amino-acid direct repeats. DR2 elements are labeled in red, and DR1 elements are labeled in green. The putative p38 MAPK phosphorylation
site in the DR1 element is shaded. (B) The kaposin B miniprotein blocks ARE-mediated mRNA decay. HeLa Tet-Off cells were cotransfected with
a �-globin-based reporter and test plasmids. After 30 h, doxycycline was added to the media to stop transcription. RNA was harvested at 0, 1, 2,
and 4 h after doxycycline addition; �-globin and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNAs were detected using 32P-labeled
antisense riboprobes. �-Globin–ARE–mRNA levels were normalized to GAPDH mRNA levels and expressed in terms of percent mRNA
remaining. (C) Kaposin B (kapB) miniprotein interacts with MK2. GST fusion proteins were incubated with purified, recombinant MK2.
Complexes were SDS-PAGE purified and Western blotted (WB) with an anti-MK2 antibody (Cell Signaling Technology). (D) Kaposin B
miniprotein activates MK2. MK2 was immunoprecipitated (I.P.) from cell lysates and incubated with GST-hsp27 fusion protein and ATP for 1 h
at 30°C. Reaction products were immunoblotted with anti-phospho-hsp27 and anti-MK2 antibodies (Cell Signaling Technology).
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whether it was required for function in ARE-mRNA stabiliza-
tion. To address this issue, in vitro p38 and MK2 kinase assays
were performed using purified GST-kaposin B as a substrate.
Figure 3B shows that GST-kaposin B is efficiently phosphory-
lated by p38 MAPK but not by MK2. This phosphorylation is
not due to contaminating kinases, because the selective p38
MAPK inhibitors SB203580 and SB202190 are able to effi-
ciently block phosphorylation of GST-kaposin B (Fig. 3C).

In order to rigorously map the p38 MAPK phosphorylation
site on kaposin B, we tested a series of GST fusion proteins in
the p38 kinase assay, including (i) native (multimeric) kaposin
B, (ii) kaposin B miniprotein, (iii) multimers of DR2, (iv)
monomers of DR2, (v) multimers of DR1, and (vi) monomers
of DR1. Figure 3D (bottom) indicates that all of these
polypeptides were expressed comparably well in E. coli, though
several of the larger multimeric versions underwent limited
proteolysis during extraction. Each of these polypeptides,
bound to glutathione-Sepharose beads, was then admixed with
10 ng of purified recombinant active p38 and [�-32P]ATP.
After we washed away unincorporated isotope, the radiola-
beled GST fusion proteins were examined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
autoradiography (Fig. 3D, top). This revealed efficient phos-
phorylation of native and monomeric kaposin B, as well as the
multimeric and monomeric DR1 fusions. As expected, no
phosphorylation was observed on either the multimeric or mo-
nomeric DR2 fusions or on GST alone, excluding the possibil-
ity of adventitious phosphorylation of irrelevant vector se-
quences. We also tested a short peptide (GAAHPRNPARRT
PASSPGTWCPPPREP) from the junction of DR1 and DR2
that does not possess the putative PSSP phosphorylation site;
this too was not phosphorylated. To map the phosphorylation
site, we then mutated the putative target serine in DR1 to
alanine (PSSP 3 PSAP), in the context of the monomeric
kaposin protein. As shown in Fig. 3D, this mutation completely
ablated phosphorylation by p38, consistent with the prediction
that this residue is the sole site of p38 phosphorylation in the
chain.

To ask whether phosphorylation at this site can have func-
tional importance in cells, the PSAP mutant described above
was introduced into a kaposin B monomer in the pCR3.1-
based eukaryotic expression vector. This construct and its wild-
type monomeric counterpart were tested for the ability to
stabilize globin-ARE transcripts in HeLa Tet-Off cells, as de-
scribed above. Figure 4A shows that the PSAP mutant mini-
protein and the wild-type miniprotein possess identical ARE-
mRNA-stabilizing activities. Furthermore, the p38 site mutant

FIG. 3. Kaposin B DR1 elements are phosphorylated by p38
MAPK. (A) Kaposin B (kapB) is serine phosphorylated in response to
oxidative stress. HEK 293T cells were transfected with empty vector or
FLAG-tagged kaposin B for 48 h and treated with 5 mM H2O2 for 15
min and lysed. FLAG-tagged kaposin B was immunoprecipitated (I.P.)
with anti-FLAG antibody (Sigma) and Western blotted (WB) with
rabbit antiphosphoserine antibody (Zymed) (top) and anti-kaposin B
monoclonal antibody (bottom). The kaposin B monoclonal antibody is
described in reference 20. (B) Kaposin B is phosphorylated by p38
MAPK but not by MK2. A total of 10 �g of the indicated fusion
proteins was incubated with active p38 MAPK or active MK2 (Up-
state) and [�-32P]ATP for 30 min at 30°C in kinase buffer. (C) Selective
p38 MAPK inhibitors block phosphorylation of kaposin B. GST-kapo-

sin B was incubated with active p38 MAPK, [�-32P]ATP, and the
selective p38 MAPK inhibitor SB203580 or SB202190 or the inactive
analog SB202474 (Calbiochem). (D) Mapping of the p38 MAPK phos-
phorylation site in kaposin B. GST fusion proteins were generated
containing full-length kaposin B, the kaposin B miniprotein, and indi-
cated kaposin protein fragments. A total of 10 �g of fusion protein was
incubated with active p38 MAPK and [�-32P]ATP for 30 min at 30°C
in kinase buffer. Portions of these reaction mixtures were electropho-
resed, stained with Coomassie brilliant blue (bottom), and exposed to
X-ray film (top). Molecular weight standards are indicated to the right
of each panel. Ig, immunoglobulin; Autorad., autoradiography.
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miniprotein retained the ability to bind to MK2 in vitro (Fig.
4B) and activate cellular MK2 kinase activity (Fig. 4C), though
the level of this activation was somewhat reduced compared to
those of full-length kaposin B and the kaposin B miniprotein.
Thus, phosphorylation of kaposin B DR1 by p38 MAPK is
dispensable for ARE-mRNA stabilization.

While our results clearly show that p38 phosphorylation
within DR1 does not affect mRNA stabilization (and, by in-
ference, cytokine release), we emphasize that this by no means
implies that phosphorylation at this site can play no biological
role. While DR1 has not yet been assigned a binding partner or
any specific function in vitro or in vivo, it is always conserved in
KSHV isolates, and deletion of DR1 cripples the RNA-stabi-
lizing activity of kaposin B. We think it highly likely that DR1
has specific partners; if such partners mediate activities other
than mRNA stabilization, then the lesions or modifications
affecting them would have no phenotype in our present func-
tional assay. Finally, our demonstration that monomeric kapo-
sin B retains significant functional activity makes possible a
detailed mutational analysis of the protein to map residues
important for ARE-mRNA stabilization. Such an analysis is
currently under way and should further inform our under-
standing of this remarkable polypeptide.
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